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MATERIALS SCIENCE DIVISION
COAL TECHNOLOGY TENTH QUARTERLY REPORT,
JANUARY-MARCH 1977

HIGHLIGHTS

Task A —— Evaluation of Ceramic Refractories for Slagging Gasifiers
(C. R. Kennedy, R. J. Fousek, D. J. Jones, and R. B. Poeppel)

Construction of the bottom section of the slag-corrosion furnace,
redesigned to provide prototypic thermal gradients, has been completed and
the fourth 500-h corrosion test has been initiated. Three types of silicon
carbide and one type of silicon-oxynitride brick are being exposed to an

acidic slag.

Task B -- Evaluation of Ceramic Coatings for Coal-conversion Plants
(S. Danyluk, R. B. Poeppel, and G. M. Dragel)

Samples that were exposed to the corrosion-erosion furnace by Solar,
Inc., were shipped to ANL on March 11, 1977,

Task C —- Application and Development of Nondestructive Evaluation Methods for
Coal-conversion Processes (W. A. Ellingson, W. J. Shack, and

C. L. Johnson)

The first field data on erosive wear of an installed refractory-
lined transfer line was obtained this quarter. This has shown that 100% of
the lining could be eroded in less than 300 h of exposure to Al703 particles.
Acoustic-emission data on high-density isothermally heated refractory bar
specimens has shown that most crack damage occurs below 500°C and the
cooling rate may be as important as the heat-up rate. Field tests on
acoustic-valve-leak-detection systems have shown that known leaks can be
detected and separated from structure-borne noise using a frequency window
between 375 and 800 kHz.

Task D -- Corrosion Behavior of Materials in Coal-conversion Processes
(K. Natesan and 0. K. Chopra)

Preliminary corrosion experiments were conducted in gas mixtures
that have been selected for exposure of uniaxial tensile specimens of Type
310 stainless steel, Incoloy 800, Inconel 671, and U. S. Steel alloy 18-18-2.
The results after a 200-h exposure showed that the first three of the above
alloys developed Cr-rich oxide scale. The U. S. Steel alloy 18-18-2 developed
a (Cr,Fe) sulfide scale that had a significantly larger growth rate than the
oxide scales in other specimens. It seems that the ~2 wt ¥ Si in the U, §,
Steel alloy 18-18-2 alters the mode of attack from oxidation to sulfidation.
Results are presented on the corrosion behavior of materials, as a function
of oxygen partial pressure in a multicomponent gas environment, and on the
experiments to evaluate the role of steam in the gas mixture on the corrosion



behavior of Type 310 stainless steel. The results showed that steam is not
an essential component to establish the corrosion behavior of an alloy as
long as the same oxygen, sulfur, and carbon potentials are simulated by
adjusting the relative amounts of different molecular gas species.

Task E -- Erosion Behavior of Materials in Coal-conversion Processes
(W. J. Shack)

A brief literature review of analytical models for the two-phase
flow of particles and fluids is presented. A qualitative discussion of a
set of simplified equations is given, and a dimensionless group that
describes the fraction of particles actually impacting the wall of an elbow
is developed. Quantitative results, which show the importance of particle
diameter, are given for particle trajectories in an elbow that carries fluid.

Task F -- Component Performance and Failure Analysis (S. Danyluk,
G. M. Dragel, and M. D. Gorman)

Components from the Morgantown Energy Research Center high-pressure
gas producer (rabble arm), the HYGAS Pilot Plant (alonized coupons), and the
Synthane Pilot Plant (steam line) were analyzed to determine the cause of

the failure. Three final reports have been issued: '"EBV Ball~valve stem
Failure -- Synthane Coal-gasification Pilot Plant," "Analysis of the Gate-
valve Failure -- Grand Forks Energy Research Center Fixed-bed Slagging

Gasifier Pilot Plant," and "Failure Analysis of the Thermocouple Assembly
in the HYGAS Coal Pretreatment Vessel,"

xi






MATERTALS SCIENCE DIVISION
COAL TECHNOLOGY TENTH QUARTERLY REPORT,
JANUARY-MARCH 1977

ABSTRACT

This broad-base materials engineering program, begun in
October 1974, includes studies on both ceramic (refractory)
and metallic materials presently being used or intended for
use in coal-conversion systems. Appropriate laboraory and
field experiments are integrated such that the results have
immediate impact on the present pilot-plant and proposed
demonstration-plant designs. This quarterly report, for
the period January-March 1977, presents the technical
accomplishments.

INTRODUCTION

The economical conversion of coal into cleaner and more usable fuels
will be advanced through use of durable materials systems. The present report
is the tenth quarterly progress report submitted by Argonne National Laboratory
to the Division of Materials and Exploratory Research/ERDA Fossil Energy under
project Number 7106, '"Materials Technology for Coal Conversion Processes."

The project includes six tasks: (A) evaluation of ceramic refrac-
tories exposed to coal-slag abrasion-corrosion typical of that encountered
in slagging gasifiers; (B) evaluation of coat performance under erosive
environments; (C) development, evaluation, and application of nondestructive
evaluation methods applicable to coal-conversion systems, such as in-situ
erosive-wear detection/monitoring; (D) development of analytical models to
predict corrosion behavior, e.g., phase transformations, of iron- and
nickel-base alloys in gaseous environments; (E) development of analytical
models to predict the erosive-wear behavior of materials used in coal-
conversion plants, and (F) analysis of failed coal-gasification plant
components. Progress in all Tasks is discussed in the present report.

Task A —— Evaluation of Ceramic Refractories for Slagging Gasifiers
(C. R. Kennedy, R. J. Fousek, D. J. Jones, and R. B. Poeppel)

The purpose of Task A is to evaluate the resistance of various
refractory bricks to attack by molten coal slag. Three tests in the slag-
abrasion rig have been reported.l‘5 These tests were characterized by an
atypical temperature gradient within the bricks. During this quarter, the
rig was modified to produce prototypic gradients, and the fourth 500-h test
was initiated.

In the modified rig (Fig. 1), the bricks are provided with water-~
cooled chills. Water temperature and flow are monitored so heat flux can be
calculated. Standard 9 x 4-1/2 x (3,2)-in. wedge bricks are used (if wedges
are not available, straights are cut to fit). The narrow ends of the bricks
are exposed to the slag. The wedges are cut to three different lengths so



that three temperature gradients can be studied. Bricks of four compositions
can be tested simultaneously. Each chill cools three bricks of one length
and composition. The center brick is thereby shielded from the effects of

neighboring bricks of different lengths and/or compositions.

The fourth test includes silicon carbide with three bond systems:
(1) nitride bonded (number 91), (2) silicate bonded (number 93), and (3) oxy-
nitride bonded (number 37). A silicon oxynitride (number 36) composition 1is
also included. Thermocouples have been inserted in the center brick in each
group of three at 12.7 mm (0.5 in.), 38.1 mm (1.5 in.), 88.9 mm (3.5 in.),
and 177.8 mm (7 in.), for full-length bricks, from the hot face (Fig. 2).
To enhance heat transfer between the chills and bricks, a high thermal con-
ductivity silicon carbide cement* mixed with a monoaluminum phosphate
solutiont+ has been utilized. Thermal profiles in each of the brick types and

lengths, prior to the addition of the slag, are shown in Fig. 3.

The slag composition utilized in the fourth test is simulated
Montana Rosebud (Table I). (The initially high Fe204 content resulted from
a batching error and was corrected shortly after the test began.) The slag
temperature was maintained at ~1500°C.

Task B —- Evaluation of Ceramic Coatings for Coal-conversion Plants
(S. Danyluk, R. B. Poeppel, and G. M. Dragel)

Metallic specimens with partial or total coatings were exposed
to high-velocity (38 m/s) char particles at 980°C and a pressure of 240 kPa
(35 psi) for 3.6 Ms (1000 h). The coating materials and substrates are
listed in Table II. The exposure was conducted in the ERDA-owned corrosion-
erosion furnace by Solar, Inc. The samples were shipped to ANL on
March 11, 1977. Metallographic investigation of the samples will be conducted
in the coming quarter.

Task C -- Application and Development of Nondestructive Evaluation Methods for
Coal-conversion Processes (W. A. Ellingson, W. J. Shack, and
C. L. Johnson)

1. Erosive-wear Detection and Monitoring

a. Metallic Transfer Lines

(1) Laboratory Ultrasonic Studies. The erosive-wear data on the
HYGAS cyclone separator, which was reported in Ref. 5, were analvzed to
obtain estimates of the wear rate of the Stellite liner and the azimuthal
distribution of wear within the cyclone.

The most severe wall-thickness reduction observed in the cvclone
inlet region occurred along the inlet centerline. The azimuthal distribution
of measurement locations along the centerline is shown in Fig. 4a. Bitter®
has presented a qualitative argument to describe the distribution of erosive

*Carborundum Company, Keasbey, NJ,

tMobil Chemical Company, Richmond, VA,



wear in the elbow of a pipe (Fig. 4b). The results reported by Bitter
suggest that maximum erosion for the cyclone should occur in the 20-50°
azimuthal range. The actual distribution of erosive wear for ~1000 h of
coal feed between February 1976 and June 1976 is shown in Fig. 5. Little
wear is observed in the 20-50° range. Actually, it is difficult to predict
the pattern of wear a priori. As the modeling studies reported under Task E
show, the distribution of particle impacts is a complex function of the
fluid-flow properties and the particle size and density.

An average thickness loss for the Stellite lining can be obtained
by averaging the measured values for positions ranging from 73-153°. This
average value can then be plotted as a function of exposure time,7 as shown
in Fig. 6. In Fig. 6, the thickness loss at the time of the first measure-
ment at 1 x 108 s (200 h) was obtained by taking the difference between the
measured thickness and the initial thickness. Since the value of the initial
thickness could vary because of counterbore misalignment, differences in
coating thickness, etc., the values of the total thickness loss shown in
Fig. 6 are only approximate. The changes in thickness between measurements
are independent of these errors, however, and thus the data shown in Fig. 6
can be used to estimate the wear rate (i.e., loss of thickness per day). A
straight-line fit through the three data points gives a wear rate of
0.063 mm/100 h for a nominal particle velocity in the cyclone of 14 m/s,

a particle loading of 1.5 kg/acm (acm = actual cubic meter of gas), and a
cyclone operating temperature of 315°C. Since the original thickness of the
Stellite overlay was 3.2 mm, the data indicate that the overlay will have

an operating lifetime of ~5000 h.

(2) Field Studies. Progress will be reported in the next quarterly
report.

b. Refractory-lined Transfer Lines

(1) Gamma Radiography Development. Previous work2_4 using gamma
radiography to examine refractory-lined transfer lines has shown that this
method can be used to define the bore and hence can be used to determine the
extent of erosive wear. During this quarter, a set of radiographic images
of the 502 Ash transfer line at the Battelle Agglomerating Ash gasifier were
taken after ~200 h of solids (Alp03 particles) circulation and compared with
the initial images obtained in February 1976. Figure 7 shows the bore geometry
before and after the 200-h exposure. Figure 8 is a schematic of the entire
flow directional change system and shows that part for which the erosive wear
data were obtained. It is interesting to note that the erosive wear on the
outside radius of the inner bore could be expected, but the erosive wear on the
inside radius of the bore would not. The inner surface wear was not caused
by erosive wear due to particle impact of the normal flow but rather by
the air-1ift injection lines blowing normal stream particles into the wall.

The transfer line is presently being recast, and baseline radiographic images
of the complete section shown in Fig. 8 have been obtained for future examina-
tion,

The results of this radiography development program to date have
shown that gamma radiographic imaging can be used to



(a) Inspect refractory-lined transfer lines for bore
definition.

(b) Inspect refractory-lined transfer lines for proper
installation of air-1ift line injections, including

angle and wall thickness.
(c) Determine plugging of air-lift injectors.

(d) Determine time-dependent erosive wear of installed
refractory.

A more complete analysis of the erosive-wear data obtained to date
will appear in the next quarterly report.

(2) Infrared Imaging -- Pattern Recognition. During this quarter,
a study of the potential use of thermal patterns obtained by infrared imaging
to determine erosive wear in refractory-lined transfer lines was continued.
This technique is needed to supplement the gamma-radiography development be-
cause of personnel problems encountered when the high-strength (% 75 ci) 60co
source is used. The passive infrared-imaging camera can be used at all times
but requires an appropriate heat-transfer model to allow calculation of the
defect size from the thermal patterns obtained. Analytical heat-transfer
models were used to determine theoretical thermal patterns from synthesized

cavity defects.

The structure being modeled is a cylindrical pipe with an inner
refractory layer bonded to a steel shell. The boundary conditions imposed
on the two surfaces consisted of a prescribed surface temperature (750°C)
on the inside (hot) surface and convective cooling on the outside surface.
The computer model is being developed to study the heat transfer through the
pipe under steady-state conditionms.

The computer program was used to study thermal patterns in the four
cases shown in Table III. Table III also shows the data used in the calcula-
tions. The selection of Case 2 permits assessment of the effects of the
increase in the convective heat-transfer coefficient on thermal patterns due
to, e.g., wind speed at test site. Selection of Case 3 allows examination of
the effect of a refractory of lower thermal conductivity; the thermal conduc-
tivity of the steel shell is nearly invariant to minor composition changes
and is therefore treated as constant in all cases. Finally, Case 4 was
selected to determine the effect of changes in both the thermal conductivity
and the convective heat-transfer coefficient.

Preliminary data showing the effect of changes in rectangular
cavity size on the thermal patterns have been obtained. Figure 9 shows the
temperature versus distance from the cavity centerline for several rec-
tangular cavities when a steady-state temperature of 750°C (1500°F) is
applied to the cavity side for the thermal conductivities, convective coef-
ficients and refractory sizes listed in Table III. The data obtained from
Fig. 9 suggest that the thermal distribution across the cavity can be modeled
as a parabola. Figure 10 shows a rectangular cavity and a typical temperature
distribution across the surface. From such an analysis, the temperature jsg



available as a parameter for extraction and also (a) the integrated area A,
(b) the span W of any isotherm, and (c) the area change between selected
isotherms. These features will be examined for applicability, and the most
promising features will be used as the discriminating parameters for erosive-
wear calculations. :

In the studies to date, the results show that the hot-spot tempera-
ture has been found to increase rapidly with an increase in the depth of the
cavity (see x-intercepts of curves in Fig. 9). When the depth of the cavity
increases from 62 to 68 mm for all widths, this hot-spot temperature in-
creases by 400°C. (The family of curves for the 68-mm-cavity depth lies
outside the Fig. 9 region and is therefore not shown.) As mentioned above,
the analysis given represents only preliminary studies. A more detailed
investigation, which will include error analysis and additional parametric
studies, is scheduled for the next quarter of work. Future studies will
include the effect of contact resistance and implement the thermal-conductivity
data being obtained in other ERDA/FE-sponsored programs.

2. Refractory-installation Practices

a. Acoustic Emission

Work has continued on the evaluation of the use of acoustic emis-
sion as a means to control the firing schedule of castable refractories. As
previously reported,4 an apparent correlation existed between the temperature
internal to a thick refractory wall and the total acoustic-emission countgllo
N. This is not a totally unexpected result, since previous investigations
have shown that selected acoustic-emission parameters can be used as dis-
criminators between refractory types as well as a clear indication of
imminent fracture. However, the intent of this program is to show that the
final response of the refractory, i.e., lifetime and mechanical reliability,
can be improved by following a heating schedule which minimizes the amount
of crack damage the refractory undergoes during the actual firing schedule.
This means that reliable acoustic-emission data must be obtained from refrac-
tory samples during curing to 1000°C. Since commercially available acoustic-
emission transducers have a maximum service temperature of 500°C, an acoustic
waveguide is necessary between the specimen and the sample. The acoustic coup-
ling between the specimen and the waveguide is very critical because the acous-
tic energy released in the specimen (i.e., micro- and/or macrocrack formation)
must be transferred to the waveguide. Presently available couplant material
cannot be used above 300-400°C. Thus, an alternative coupling mechanism must
be employed. Robinson et. al.8 employed spring-loaded mullite rods in direct
contact with the specimen to obtain their results. During this quarter, we
" have employed embedded quartz waveguides, as shown in Fig. 11. The sample
was supported in the furnace on knife edges made of high density, prefired re-
fractory. The transducer was attached to a 25-mm~dia quartz cylinder that
had been fused to the 6-mm-dia quartz waveguide. The waveguide was cast into
the refractory sample such that 38 mm of waveguide were in direct contact
with the sample. All samples studied this quarter were made of KAOTAB,*

*KAOTAB is a product of Babcock and Wilcox with a fired density of
2.4 x 103 kg/m3.



which had been cast with a water content of 127 so that significant cracking
would occur. The cast samples were 25 mm wide x 25 mm high and 254 mm long.
The cold and hot muduli of rupture, after being exposed to different firing
schedules, will be determined. During this reporting period, all samples
were cured with the controlled heat-up rates shown in Table IV.

One obvious variable is the capability to reproduce samples.
Presently, the samples are prepared by using a Hobart mixer and vibrated on
a shaker table for a fixed amount of time, typically 60-90 s. To ensure that
the procedure did not permit segregation to occur, metallographic samples
have been prepared from the 'bar' specimens, as shown schematically in Fig. 14.
The samples are vacuum impregnated with an epoxy solution and polished,
yielding a clear distribution of particle size. Figures 15 and 16 show,
respectively, typical results of a transverse section (3.4X) and a longi-
tudinal section (3.6X). The transverse section shows no apparent segregated
grain structure.

Two samples were run simultaneously for statistical data variation.
Figure 12 shows the total acoustic-emission count as a function of temperature
for two castings run at the same heating and cooling rate but at different
times. The data for castings 2 and 3 were averaged for the two samples run
simultaneously. It is very interesting to note that, since the data were
generated from the heating schedule shown in Table IV, significant counts do
not accumulate until the maximum previous temperature has been exceeded.
This was especially true when heating to 500°C after heating to 120°C.
Little activity was detected during the 1000°C run. Figures 13a-c are plots
of counts versus time, and the temperature ramp is superimposed for ease of
interpretation. Note that, during cooling from 1000°C, a significant increase
was detected, which was probably the result of damage caused by the severe
cooling rate. This suggests that controlled cool-down should be considered
just as controlled heat-up. An increase in acoustic activity was detected
in the 120 and 500°C cool-down cycles, although not to the same extent.

All data reported herein were obtained using a 175-kHz resonant
transducer with a band-pass filter of 125-250 kHz. Also, data have been
taken with a 375-kHz center-frequency transducer, and the comparison will be
reported next quarter.

The embedment of the quartz waveguide in the refractory gives rise
to the question of whether the acoustic-emission detected is from rubbing
noise caused by differences in thermal expansion or from the curing of the
refractory, i.e., water evaporation, microcracking or phase transformations.
In an attempt to determine whether the detected acoustic activity was caused
by rubbing of the waveguide by the refractory, a two-dimensional locating
system was employed with waveguides coupled to each end of the specimen.
Specimens were cast and acoustic data and location information were obtained.
The data show that the acoustic activity is uniform over the length of the
specimen, implying that the effect of the embedded waveguide was not sig-
nificant. A more complete analysis will be given next quarter.



3. Component Inspection

a. Infrared Thermal Profiling of Valves

In the development of a valve-testing program for coal-gasification
systems, one important objective of the program is to verify that the valve
can operate satisfactorily at high temperatures., To obtain a valid test,
the heating in the tests must be accomplished in a manner that simulates
actual thermal gradients, thermal stresses, and internal temperatures.
Unfortunately, the temperature fields within valves in actual service are
not well known, since it is difficult to make direct temperature measurements.
Modeling studies are useful, but uncertainty always exists in the choice of
heat-transfer coefficients, and direct confirmation by experimental techniques
is desirable. During this quarter, infrared scans were made on a number of
valves at the Morgantown Energy Research Center low-Btu gasification facility
in an attempt to obtain direct in-situ thermal profiles.

The valves examined were the top cyclone lockhopper valve (a 6-in.
full-port ball valve, MERC valve number 060), Fig. 17a, the top ash lockhopper
valve (a 12-in. full-port ball valve, MERC valve number 1207), Fig. 17b, and
the north bottom coal lockhopper feed valve (a 10-in. full-port ball valve,
MERC valve number 1002), Fig. 1l7c. Reference temperatures were measured on
each of the valves using a contact pyrometer, as shown in Fig. 18.

The infrared scanning system used was an AGA Thermovision Model
750, a lightweight completely portable system designed for field use. It is
basically a scanning camera designed to detect emissions in the 2 to 5-um
wavelength infrared spectrum rather than the visual spectrum. The resultant
image is displayed on a black and white television monitor and a picture of
the object is produced where darker portions correspond to cooler sections
of the object and lighter portions correspond to warmer sections of the
object. The temperature range spanned by the thermal picture can be selected
by the operator. Quantitative temperature measurements are made by knowing
a reference temperature at one point and then using available calibration
curves to identify isothermal regions (i.e., areas of equal temperature)
above and below the known temperature. The isothermal regions correspond to
equal tones of gray. The system enables the isothermal regions to be
readily identified by superposing brightened isothermal areas on the thermal
picture. The isotherm level (i.e., the isothermal area selected for bright-
ening picture (see, e.g., Fig. 19). The ten divisions of the scale represent
fractions of the temperature range spanned in the picture. A quantitative
relation between the isotherm level and the temperature can be determined by
using the calibration curves for the instrument.

A sequence of thermal pictures of the ash-removal valve, with the
isotherm level varied to identify different isothermal areas, is shown in
Fig. 19a-g). The temperature range from the hottest to the coldest part is
n11°C. Not only are the surface thermal gradients small, but the actual
surface-temperature levels [maximum temperature “64°C (147°F)] are surprisingly
low. A second sequence of pictures at a narrower temperature range 1s shown
in Fig. 20a-e. At this temperature range setting, it is impossible to scan
the entire valve body, but greater detail and resolution are possible over a
portion of the body.



Thermal pictures of the coal-feed lockhopper valve are shown in
Fig. 2la and b. Although the camera is set on a sensitive range (Bominally
2°C), 1little temperature variation can be observed; the '"hot spots'' visible in
Fig. 21b are <2°C hotter than the remainder of the valve body. The actual
temperature of the hot spot is 37°C (98°F), as measured with a contact

pyrometer.

The infrared scans of the top cyclone lockhopper valve are shown in
Fig. 22a-e. The reference temperature on the upstream side of the valve was
measured as 60°C (140°F) with the contact pyrometer. As indicated in Fig. 22a,
little temperature variation occurs over the upper and lower halves of the
valve (i.e., they appear in the picture as a uniform gray tome), although the
flanges appear slightly cooler, i.e., a darker gray tone. Because the tem—
peratures were so uniform when the isotherm level was adjusted to brighten
isothermal areas, it was difficult to obtain properly exposed pictures for
a permanent record. When the shutter speed was increased, it was possible
to obtain Fig. 22b. The high shutter speed decreases visual resolution be-
cause the faster speed captures the raster lines of the scanning camera. It
is clear from the picture, however, that the upper and lower housings of the
valve are quite uniform in temperature. The flange was examined separately
at a more sensitive range (=5); as Fig. 22e shows, the flange is also nearly
isothermal.

It should be noted that variations in emissivity are not sig-
nificant for the valves examined. The painted surface of the top cyclone was
in good condition, but the surfaces of the other valves were more weathered.
Painted surfaces and oxidized surfaces have emissivities close to the ideal
blackbody value (=1) assumed in the calculation of the temperatures from the
infrared data. A few new bright metal scratches were visible on the top

cyclone lockhopper valves, which gave spurious readings because of the low
emissivity of brightly polished metal.

The thermal profiles obtained for the three valves are similar in
character. The surface temperatures were rather low, and no significant
thermal gradients were observed.

It is tempting to conclude that this implies the only significant
temperature gradients in the valves are through the thickness of the bodv.
However, the use of infrared techniques for the analysis of temperature -
variations in compact, thick-walled objects constructed from materials of
high thermal conductivity is not well developed, and some comparisons with
our modeling studies must be made before any firm conclusions can be drawn.

b. Acoustic Monitoring of Valves

(1) Valve Leak Detection by Acoustic Emission. Field testings of
an acoustic-emission valve leak-detection system was carried out at the MERC
low-Btu coal-gasification facility and the Synthane high-Btu pilot plant.

The objectives of the field measurements were to investigate the sensitivity
of the acoustic-emission measurements to the background "noise" present in an

oPerating coal-gasification facility and to determine whether leakage indica-
tions could actually be obtained on in~-service valves.



The acoustic-emission system used for the field tests consisted of
an AET Model 140A preamplifier, an AET Model 201 single-channel processor,
and a HP 3475B digital multimeter. A Tektronix Model 314 portable oscil-
loscope was used to visually monitor the acoustic-emission signals. Three
transducers were examined: AET Models 175L, 375L, and 750L. These are
resonant-response transducers with peaks at 175, 375, and 750 kHz, respec-
tively.

Tests were run on the top cyclone lockhopper valve (a 6-in. full-
port ball valve), the top ash lockhopper valve (a 12-in. full-port ball
valve) and the north bottom coal feed lockhopper valve (a 10-in. full-port
ball valve) at MERC. In addition, measurements were made on structural
members in an attempt to distinguish between a "local" flow noise generated
by a leaking valve and general background structure-borne noise associated
with the overall operation of the gasifier.

The top cyclone valve is, in the opinion of MERC personnel, a
"good" valve with very little leakage. Acoustic-emission data were taken at
five points on the valve body and at two points on the gasifier structure
near the valve. The measurement points on the valve are indicated in
Fig. 23a-e. The measurement points on the nearby structure are indicated in
Fig. 24a and b, The measurements taken with the 175-kHz resonance transducer
are listed in Table V. The AET 201 processor and preamplifier combination
were adjusted to amplify the signals detected by the transducer by 80 dB.
The valves given in Table V are root-mean-square (rms) acoustic-emission
outputs. The readings in the column labeled "noise" are rms voltages due to
electrical system noise and airborne noise. Although the 175-kHz transducer
is a shear-wave-type device, it did appear to detect sound waves (i.e.,
dilatation waves) at the high gain used. The values shown in Table V in-
dicate that acoustic-emission signals could be detected on the valve and
these signals are not simply general structure-borne noise. It is not clear
that the signals can be attributed to leakage through the valve. MERC
personnel11 have suggested that the signals could be due to acoustic emis-
sions generated by particles striking the cyclone.

The measurement locations for the top ash lockhopper valve are
shown in Fig. 25a-e. The acoustic-emission measurements are summarized in
Table VI. The system gain was again 30 dB. The measured values showed
large fluctuations in contrast to the measurements on the top cyclone lock-
hopper valve. Again, the acoustic emissions detected in the vicinity of
the valve are significantly higher than the background noise detected on a
nearby structure.

The measurement locations for the north bottom coal-feed lockhopper
valve are shown in Fig. 26a-c. Acoustic-emission measurements on this valve
were made with 176- and 375-kHz transducers. The results of the measurements
are shown in Table VII. Again, the signals fluctuated rapidly over a rather
wide range. The amplitude of the signal produced by the 375-kHz transducer
is substantially smaller than that produced by the 175-kHz transducer. If
the signal is actually produced by gas leakage, it is in agreement with our
laboratory studies, which show the emitted acoustic signals produced by tur-
bulent flow through an orifice or leak decrease with an increase in fre-
quency. However, the decrease can also be explained by the increase in
attenuation with frequency of structure-borne noise.



Acoustic-emission measurements were also made at the Synthane
Pilot Plant. The valves examined here were the north and south lower P:t§ec_
feed valves, which are located between the lockhoppers and the primgrg nzhane
tion system. Although the audible noise level at the Morgantown an z "
installations seems to be similar, much more difficulty was encountered a
Synthane with stray airborne noise. The 175-kHz resonant transduceg was
particularly affected. With the system gain at 80 dB and the trang ucerh 1
simply exposed to the air, readings ranged from 0.170 V (the trans ﬁcer if'
at arm length outside the structure) to 1.0 V (in the interior ?f t.e gasifier
structure). A leak from a gasket below the south valve was audible; extra-
ordinarily large readings were obtained from the flange areas near the leak,
and it seems likely that the leak also produced a large amount of airborne

high-frequency noise.

ocarb

The measurement locations for the north valve are shown in Fig. 27a-e,
and the results of the noise measurements for the 176, 375, and 750 kHz trans-
ducers are summarized in Table VIII. Again, as expected, the 175-kHz trans-
ducer is a more sensitive detector of structure-borne sound; according to
Synthane personnel, it is likely that some leakage occurred in these valves,
however, it is not certain at this time that leakage was, in fact, the source
of the structure-borne sound detected.

The measurement locations on the south feed valve and nearby struc-
tural components are shown in Fig. 28a-e. On the south coal-feed valve, a
gasket between the valve and the primary injection system was leaking. This
type of leak is similar to a valve leak in that it involves a gas flow from
high pressure to low pressure through a small orifice. Of course, the gasket
leak is audible because the sound is free to radiate, but the structure-borne
signals due to the gasket leak should be similar to those produced by an in-
ternal valve leak. The leak was near the location shown in Fig. 28c. The
acoustic-emission measurements are summarized in Table IX. All three trans-
ducers were able to locate the leak near measurement location (c). However,
the 175~ and 375-kHz transducers also picked up considerable air and structure-
borne noise, although the 375 kHz transducer was much less sensitive in this
regard. The 750-kHz transducer seems totally unaffected by airborne noise.
It was also sufficiently sensitive to identify the leak on the south valve;
however, it is still uncertain whether it is sufficiently sensitive to detect
the smallest leaks of interest.

These results suggest that to develop a leak-detection system for
use in an operating gasification plant, 375-750 kHz is a desirable operating
range; certainly, transducers operating at <175 kHz (e.g., low g-level ac-
celerometers) seem unsuitable for such systems. Although the acoustic noise
generated by a leak is broadbanded with frequencies ranging from 1 kHz to
1 MHz, most of the energy appears to be concentrated below 150 kHz, thus, an
unavoidable trade off occurs between sensitivity and immunity to background
noise. Additional signal processing can, to a certain extent, overcome this
problem. To develop a workable system, additional tests will be needed on
full-size valves with known leak rates. The MERC valve test facility has the
capability to monitor flow rates through full-size valves, and MERC personnel

have expressed their desire to cooperate in performing additional tests using
their facility.
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(2) Laboratory Studies. Progress will be reported in the next
quarterly report. :

Task D —— Corrosion Behavior of Materials in Coal-conversion Processes
(K. Natesan and 0. K. Chopra)

The objectives of this program are to (1) develop uniaxial tensile
data on four selected commercial alloys upon exposure to simulated multi-
component gas environments, (2) experimentally evaluate the high-temperature
corrosion behavior of iron- and nickel-base alloys in gas environments with
a wide range of oxygen, sulfur, and carbon potentials, and (3) develop a
systems approach based upon available thermodynamic and kinetic information
so that possible corrosion problems in different coal-conversion processes
can be evaluated.

The experimental program that involves generation of uniaxial
tensile data on four selected alloys upon exposure to the multicomponent gas
environments has been discussed in detail in an earlier report. As a con-
sequence of the severe corrosion rates that have been observed at high-
temperatures ~1010°C (1850°F) in the IIT Research Institute program, the tem-
peratures for the exposure of tensile specimens in the present program have
been lowered to 750°C (1380°F), 871°C (1600°F), and 982°C (1800°F). Pre-
liminary corrosion experiments were conducted at 875°C for 25- and 200-h
durations using gas mixture No. 1, the composition of which is listed in
Table X. The oxygen, sulfur, and carbon potentials that correspond to the
selected gas mixture for a reaction temperature of 875°C were calculated
using the computer program and are also listed in Table X. These experiments
were conducted to establish the type and thickness of corrosion-product scale
(oxide versus sulfide) that forms upon exposure to the selected complex gas
mixture prior to the exposure of uniaxial tensile specimens for a 1000-h time
period in the same environment. Apart from the four alloys selected for ten-
sile property evaluation, four additional alloys were included in the cor-
rosion experiments. The chemical compositions of the alloys are listed in
Table XI. The experiments were conducted in a corrosion testing rig, the
details of which were reported earlier.”

Figure 29 shows macroscopic photographs of the corrosion specimens
after 25~ and 200-h exposures to the gas environment at 875°C. The samples
from both experiments were examined using optical metallography, and the
phases present were identified using a scanning-electron microscope (SEM)
equipped with an energy-dispersive x-ray analyzer. Extensive analyses were
made on specimens of Type 310 stainless steel, Incoloy 800, Inconel 671, and
U. S. Steel alloy 18-18-2 during this quarter. Figure 30 shows the x-ray
image of the iron specimen and the Fe and S distribution in the scale/alloy
interface region of the sample after a 26-h exposure. The scale is pre-
dominantly iron sulfide, which indicates that the sulfur potential established
in these experiments was higher than that for the Fe/FeS equilibrium. A
similar behavior was observed for iron exposed for 200 h at 875°C.

Figures 31-34 are  x~-ray photographs showing the specimen image, metallic
element (Cr, Ni, Fe, Si, and Al) distribution, and sulfur distribution in the
scale/alloy interface regions of the samples of Type 310 stainless steel,
Incoloy 800, Inconel 671, and U. S. Steel alloy 18-18-2, respectively, after
a 25-h exposure to the gas environment at 875°C. The photographs clearly
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indicate the presence of sulfur in the scale region in all the alloyf,
although the chromium content of the alloys ranges from 18 to 48 wt %. The
thickness of the scale layer is in the range of 10 to 25 um in these specimens
after a 25-h exposure. Intergranular penetration of sulfur in the alloy
regions is minimal in these specimens. Based upon the oxygen and sulfur
potentials calculated for the gas composition listed in Table X, only the
oxide layer should be observed in iron- and nickel-base alloys containing

>18 wt % Cr upon exposure to this gas environment. Since the apparatus had
been used earlier for experimental runs with high partial pressures of

sulfur, it is possible that the sulfur from the reactor walls may be contribu-
ting to the sulfidation of the alloys. As a result, the reactor chamber was
fired with hydrogen for 50 h at 875°C, and subsequently another experiment

was made with the same alloys exposed to the same gas environment for 200 h.

Figures 35-37 show the x-ray specimen images, metallic element
distributions, and the sulfur distribution in the scale/alloy interface
regions of the samples of Type 310 stainless steel, Incoloy 800, and U. S.
Steel alloy 18-18-2, respectively, after a 200-h exposure to a gas environ-
ment at 875°C. Figures 38 and 39 are SEM photographs of the scale/alloy
regions in specimens of Inconel 671 and U. S. Steel alloy 18-18-2 after a
200-h exposure to the gas environment at 875°C. Figures 35-39 show that in
all the alloys, except U. S. Steel alloy 18-18-2, the scales were predomi-
nantly chromium-rich oxide and sulfur was essentially absent, which indicates
that the mode of interaction is oxidation rather than sulfidation in this
particular environment. This observation is in excellent agreement with the
calculated partial pressures for oxygen and sulfur in the gas mixture and the
thermochemical diagrams for different Fe-Cr-Ni alloys. In the case of U. S.
Steel alloy 18-18-2, the scale was predominantly chromium and iron sulfide
(Fig. 39), and the alloy/scale interface had a large concentration of silicon.
It seems that the silicon at the interface lowers the oxygen potential
sufficiently to change the type of interaction from an oxidation to a sul-
fidation mode. Silicon enrichment at the scale/alloy interface was also
observed in Type 310 stainless steel and Incoloy 800, but no deleterious
effect due to silicon was observed in these alloys. The Silicon concen-
tration in Type 310 stainless steel and Incoloy 800 is in the range of 0.35
to 0.40 wt %Z and is 2.05 wt % in U. S. Steel alloy 18-18-2. Since the two
former alloys behave differently than the U. S. Steel alloy, it is essential
to establish the role of alloy additions such as silicon on the protective
scale formation upon exposure to multicomponent gas environments. During
the next quarter, uniaxial tensile specimens of the selected alloys will be
exposed for 1000 h to the gas mixture with the composition listed in Table X.

The experimental program is being continued to evaluate the cor-
rosion behavior of iron- and nickel-base alloys in gas environments with a
wide range of oxygen, sulfur, and carbon potentials. The composition of the
alloys selected for this phase of the program is given in Table XI. Figure 40
shows the macroscopic photographs of specimens of different alloys that
have been exposed for 25 h at 750°C to gas environments that contained the
same sulfur potential (2.8 x 108 atm) but different oxygen potentials. The
partial pressure of oxygen was varied from 1 x 10720 6 4.2 x 1023 atm
(from left to right in Fig. 40). A macroscopic photograph of different
specimens gxposed for 25 h at 875°C to several oxygen pressures between
1.9 x 107 and 1.7 x 10720 atm is shown in Fig. 41. The oxygen, sulfur, and
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carbon potentials established in these experiments are listed in Table XII.. It
is evident from Figs 40 and 41 that the mode of interaction changes from
oxidation to sulfidation as the oxygen potential decreases (from left to

right in Figs. 40 and 41). Iron specimens formed iron sulfide scales in

all instances, which indicates that the partial pressure of sulfur in these
experiments was larger than that established by Fe/FeS equilibrium. At 875°C,
the Inconel 671 specimen that was exposed to the lowest oxygen pressure

showed the formation of liquid nickel sulfide upon exposure to the environ-
ment (the rightmost specimen of Inconel 671 in Fig. 41).

The samples of Type 310 stainless steel, after exposure to dif-
ferent gas environments listed in Table XII, were examined with the SEM
equipped with an energy-dispersive x-ray analyzer. Figures 42a-c are photo-
graphs of cross sections of specimens exposed at 750°C and oxygen pressures
of 1.0 x 10‘20, 2.4 x 10'21, and 4.1 x lO'ZZatm, respectively. The SEM photo-
graphs of a specimen exposed to an oxygen pressure of 4.2 x 1023 atm are
shown in Fig. 43 (identified as d). The sulfur partial pressure in these
experiments was 2.8 x 10-8 atm. Figure 42a and b shows that specimens
develop predominantly Cr-rich oxide scales, the thicknesses of which were
approximately 2 to 4 um. The alloy specimens also developed some internal
sulfide particles to a depth of 3 to 8 um. The specimens in Figs. 42c and 43
developed (Cr,Fe) sulfide scales, the thicknesses of which were 50 and 210 um,
respectively. The internal sulfidation and intergranular penetration of
sulfur were also significant in the specimens shown in Figs. 42c¢ and 43. The
thicknesses of the internally affected zones in these specimens were 40 and
150 ym, respectively.

Figure 44 shows SEM photographs of Type 310 stainless steel samples
that have been exposed at 875°C for 25 h to mixed gas environments with
the following partial pressures of oxygen: 1.9 x 10'18, 5.5 x 10'19,
2.4 x 10-1 , and 1.7 x 10-20 atm, The sulfur partial pressure in these ex-
periments was 2.9 x 10~7 atm. The figure shows that the specimens develop
vS-pum—-thick Cr-rich oxide scales at all oxygen potentials, except at
1.7 x 10020 atm where an "210-um-thick (Cr, Fe) sulfide scale was observed.
The thickness of the internal sulfidation zone was in the range of 20 to
40 ym in specimens that developed oxide scale. The thickness of the internal
sulfidation and intergranular penetration zone in the specimen exposed to
the lowest oxygen pressure was V170 um. It is evident from these results
that the chemical interaction between an alloy of a given chemical composition
and the gas environment is strongly dependent on the oxygen and sulfur po-
tentials that are prevalent in the environment. The results also show that
the growth rates of the sulfide scales are larger than those of oxides,
and the extent of intergranular penetration of sulfur is significantly
greater when the alloys do not develop oxide scales. Additional experiments
are being conducted to evaluate the kinetic aspects of scale formation and
the influence of alloy chemistry on the interaction processes between
materials and complex gas environments.

Steam is one of the major oxidizing species in multicomponent gas
environments in different coal-gasification processes. The steam content
in the gas mixtures can range from 14 vol 7 in the Battelle-Union Carbide
process to 52 vol 7 in the Bi-Gas process.lz’13 As a result, it is essential
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to establish the role of steam on the oxidation-sulfidation behavior of
materials. This can be accomplished by the exposure of materials to gas
mixtures with the same oxygen, sulfur, and carbon potentials that are estab-
lished with and without steam in the gas mixtures. Such a comparison would
also establish the degree to which a thermodynamic equilibrium is achieved

at the test temperature by the reactions of different molecular gas species
employed in the experiments. For this purpose, two experiments were conducted
in which the same oxygen, sulfur, and carbon potentials were established by
mixing various gas species of CO, COp, Hp, CH4, HyS, and Hy0. The established
gas compositions are listed in Table XII (columms 7 and 10 indicated by

the arrows at the bottom of the table). In one run, a steam content of

8.6 vol % was used, whereas no steam was used in the other rg&. Oxygen and _
sulfur partial pressures in both experiments were 5.5 x 107 and ~2.9 x 10
atm, respectively, and the carbon activity was 0.070. Type 310 stainl?ss
steel specimens that were exposed for 25 h at 875°C in these two experiments
were examined with SEM. X-ray images for the distribution of metallic
elements and sulfur in the scale/alloy interface regions of the specimens

were also obtained. Figures 45 and 46 show the specimen image and.x-ray
distribution of elements for the samples exposed in environments without steam
and with steam, respectively. The figures show that the scales in both
specimens are predominantly Cr-rich oxide and some internal sulfidation
occurred. The thickness of the oxide layer is ~2 to 3 uym. Silicon enrichment
at the scale/alloy interface is observed in both specimens. From these
results, it can be concluded that steam is 7ot an essential component to
establish the corrosion behavior of an alloy as long as the same oxygen,
sulfur, and carbon potentials are simulated by adjusting the relative amounts
of different molecular gas species.

Task E -=— Erosion Behavior of Materials in Coal-conversion Processes
(W. J. Shack)

To interpret and compare erosion data being generated in the field
tests at Synthane and Bi-Gas with laboratory data, it is necessary to estimate
the total flux of particles actually striking the wall. Similarly, when using
experimental data to decide whether a specific material has adequate erosive-
wear resistance in a particular application, knowledge of the flux of particles
onto the material, their velocities, and the impingement angle is required. It
is difficult to estimate these quantities in actual flow situations. During
this quarter, some preliminary modeling studies were begun in order to study
the dependence of the particle flux on the properties of the gas flow for
geometries similar to the elbow in the Synthane main coal-feed line.

A brief literature review of previous work in the two-phase flow
of particles and gases was made. Much of this work (see, e.g., Refs. 14-17) is
concerned with the calculation of quantities (pressure drops, saltation
velocity, choking velocity, etc.) that are required for the overall design of
pneumatic or hydraulic conveying systems and not with the detailed study of
particle flow patterns necessary to determine erosive-wear patterns. A
rather sophisticated treatment of particle-flow interactions is available for
low Reynolds number flows (see, e.g., Ref. 18), but this theory is inapplicable
to the high Reynolds number flows typically found in coal-gasification plants.
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Similarly, models have been developed to describe the behavior of finely
dispersed gas-particle systems; these are useful in studies of air pollution
and aerosol systems20 but of little relevance to the flows encountered in coal-
gasification systems.

The problem of analyzing fluid-particle flows is greatly simplified
if it is assumed the particles do not affect the fluid-flow field but that
the fluid is responsible for the motion of the particle. This "one way"
coupling is in reality valid only if the particle loading is small, but may be
a useful approximation when analyzing local flow fields. This approach was
originally developed21a22 to describe water droplet impact and icing of air-
craft, but was also used in Ref. 23 to study the interaction of particle-fluid
flow and erosive wear. Models have been developed that describe a genuine
"two way'" particle-fluid interaction.24:2% The formulation in Ref. 24 is es-
pecially effective, because it is amenable to numerical solution by the well-
known "tank and tube" approach developed by Spalding and co-workers.26 Thus,
stable numerical solutions can be obtained even for large Reynolds numbers.
The model developed in Ref. 24 has been used to analgze the flow field in an
axial-inlet peripheral-discharge cyclone separator.2

Because of its simplicity, it was decided to first examine fluid-
particle interactions using the uncoupled particle~flow model. In this case,
the flow pattern is calculated ignoring the presence of the particles, and
the particle trajectories can then be calculated by considering the fluid
loadings on the particle. The equations of motion for the particle can be
written

de CDA
mgr Pz LRI - D
and
e e e A @

Here Vg, Vy and Uy, Uy and the x,y components of the particle and fluid

velocities, respectively; m is the mass of the particle; p is the fluid
density; Cp is the drag coefficient for the particle; A is the projected area
of the particle; and |¥ - Hl is the absolute magnitude of the vector difference
between the particle velocity and the fluid velocity, where

9 9 1/2
Iy - &l = (vx - Ux) + (vy - Uy) . (3)
The drag coefficient CD is a function of the Reynolds Number R

Rs ——/—, (4)
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where d is a typical particle diameter, and y is the viscosity of the fluid.
The drag coefficient can then be calculated from the empirical relation

1.38
Cy = 24(1 + 0.197R.0‘63 + 0.00026R )/R (5)

given in Ref. 22. From egs. (1)-(5), it can be shown that the characteristic
"lag" time, i.e., the time it takes for a particle placed in a fluid stream

to acquire the fluid velocity, is

£, = 75 ,d) /s (6)

L

where p,. is the density of the particle. This can be compared with the transit
time tr for fluid particles. For example, for an elbow,

= (7
to ﬂr/4U0, )

where r is the radius of the elbow, and Uy is a typical fluid velocity. The
ratio of these two times yields a dimensionless group (an "erosion number')

E = tp/t; = (9ﬂur)/(deod2), (8)

which can be used to characterize the fraction of the fluid particles that
impact onto the wall. If E >> 1, little particle impact and scour occurs;

if E << 1, virtually all the particles carried by the fluid stream will impact
the wall. Unfortunately, it is impossible to obtain explicitly the function
f(E), which describes the fraction of particles scouring the wall in terms of
E. However, by actually carrying out the numerical calculations, it should be
possible to develop simple equations for f(E) for some practical geometries
such as the 90° elbow and the 45° sweepline geometry. Such design formulas
will be presented in the next quarterly.

The effect of particle size on the fraction is illustrated by the
particle trajectories shown in Fig. 47a-c, which were calculated by numerical
integration of Eqs. (1) and (2). The flow conditions and geometry are similar
to those in the Synthane main coal-feed line. The particle diameters are 10 u
(Fig. 47a), 100 u (Fig. 47b), and 1000 u (Fig. 47c). The influence of particle

size on the fraction of particles actually impacting the pipe wall is readily
apparent.

In the next quarter, (a) more extensive calculations will be carried
out to develop simple formulas for use by designers to estimate the fraction
of the particles actually striking the pipe walls, (b) the fluid-particle model
will be coupled with the erosive-wear equations developed in Ref. 4 to predict
the wear patterns for the Synthane and Bi-Gas main coal field lines, and (c)
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work will begin on a more sophisticated fully coupled fluid-particle model that
can be used to check the validity of the simpler analyses and to analyze more
complicated flow situations such as the "blocked-tee" geometry utilized at Bi-Gas.

Task F -- Component Performance and Failure Analysis (S. Danyluk, G. M. Dragel,
and M. D. Gorman)

The activity during the quarter involved the examination of components
from the Morgantown Energy Research Center high-pressure gas producer (rabble
arm) , the HYGAS pilot plant (alonized coupons), and the Synthane pilot plant
(steam line). Final reports summarizing the results of the investigations of
these components will be issued in the coming quarter. A summary of these
aualyses is given below. Three final reports have been issued: "EBV Ball-
valve Stem Failure -- Synthane Coal-gasification Pilot Plant," "Analysis of the
Gate-valve Failure -~ Grand Forks Energy Research Center Fixed-bed Slagging
Gasifier Pilot Plant,'" and "Failure Analysis of the Thermocouple Assembly in
the HYGAS Coal Pretreatment Vessel."

1. Analysis of Cracks in the ERDA-MERC Rabble Arm

A vertical water-cooled stirrer and rabble arm from the Energy
Research and Development Administration -- Morgantown Energy Research Center
(ERDA-MERC) developed cracks at weld fusion lines and at the OD of the carbon
steel pipe that is used in the stirrer construction. A schematic of the
stirred-bed gasifier is shown in Fig. 48. The stirrer (agitator) is rotated
and moved up and down to mix air, steam, and coal and to minimize ash and coal
agglomeration. A schematic of the lowest section of the rabble arm is shown
in Fig. 49. The arm is assembled by welding carbon steel pipe and fitting it
to the central shaft.

Cracks developed because of stress corrosion and possibly crevice
corrosion. The corrosion scale cracked, detached from the base metal, and did
not provide protection against subsequent attack. A series of photographs of
an as-polished crack is shown in Fig. 50. These photographs show the cracked
corrosion scale and the blunted crack tip representative of pitting corrosion.
A series of photographs showing the electroetched crack morphology is shown in
Fig. 51. The crack-tip morphology suggests corrosion attack. Electron-
microprobe analysis showed that the corrosion scale was rich in sulfur, which
probably participated in the corrosion process. Slag inclusions were observed
in the weld metal but were not related to the cracking. The causes of the
cracking are as follows: local surface inhomogeneities such as the heat-
affected-zone next to the weld bead; loss of passivity due to mechanical rup-
ture of the protective oxide coating; residual stresses due to weld shrinkage;
and stresses induced at the OD of the rabble arm due to rotatiom.

A recommendation was made to change the construction design of the
stirrer and not weld the pipes together. If welding is necessary, then the
arm should be annealed to remove the welding residual stresses. Also, an aus-
tenitic stainless steel with a chromium content of >17% would resist the high-
temperature corrosion better than the low-carbon steel.
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2. Alonized Coupons from the HYGAS Pilot Plant

Coupons of alonized Type 316 stainless steel and Type 446 stainless
steel were exposed to the HYGAS ash-agglomerating gasifier (AAG) environment
for 0.13 Ms (36 h) and 1.04 Ms (288 h). The approximate bed temperatur? was
1038°C (1900°F) and the product gas composition was 31% co, 7.7% €CO2, 15% Hp,
and 46.3% Np. The approximate sulfur content of the feed is 3% FMC char and
0.5% coke. The intent was to examine the effeciveness of alonizing in
inhibiting corrosion. After removal from the gasifier, cross sections of the
coupons were polished and examined by optical microscopy and with the electron
microprobe to measure the extent of the penetration of corrosion scale. In
addition, specimens were machined from the coupons and fractured in an ultra-
high vacuum system and examined by Auger electron spectroscopy. These data
are used to examine the extent of grain-boundary penetration by sulfides,
grain-boundary segregation, and the effects of sulfur on grain-boundary em—
brittlement. The samples that were fractured in the Auger spectroscopy system
were retrieved and subjected to scanning-electron microscopy to determine the
fracture mode and morphology of the fracture surface.

Optical photographs and electron microprobe data from the alonized
Type 316 stainless steel are presented in Figs. 52 and 53. These data re-
present exposures of "0.13 Ms (sample removed after Run 61) and ~1.04 Ms (sample
removed after Run 67). The optical photographs in these two figures show the
extent of corrosion product buildup as a function of exposure. Significantly,
more penetration of the corrosion product has occurred in the sample that was
exposed for a longer period of time. Also, grain-boundary penetration by
sulfur has occurred. Electron microprobe data show that nickel is depleted
and sulfur and aluminum are enriched at the OD surface of the coupons.

The results of exposing a Type 446 martensitic stainless steel for
0.13 Ms to the HYGAS gasifier environment are shown in Fig. 54. This steel
was not alonized. The optical photograph shows the corrosion scale had not
penetrated as deeply into the sample as had occurred in the alonized Type 316
stainless steel. The electron-microprobe data show that the corrosion scale
is enriched in sulfur and some aluminum and silicon are also present. Iron
is depleted from the scale except for a thin layer at the OD of the corrosion
scale, and a slight enrichment of nickel was observed. Chromium is enriched
in the corrosion scale, depleted from the base metal, and a gradient in

chromium concentration was found, with the highest concentration being adjacent
to the base metal.

The coupons were machined, notched, and inserted into a scanning
Auger electron spectroscopy system. The geometry of the machined specimens is
shown in Fig. 55. Care was taken to preserve one portion of the surface that
had the corrosion scale. The samples were fractured in an ultrahigh vacuum en-
vironment, and the derivative Auger spectra (dN/dF) were recorded as a function
of energy. The derivative Auger spectra taken from the center of the alonized
Type 316 stainless steel specimen that was exposed for 1.04 Ms and from the
corrosion scale are shown in Figs. 56 and 57. The positive and negative ex-
cursions represent electron transitions and are used to identify the chemical
makeup of the top monolayers of surface atoms. Figure 56 shows that chromium,
iron, nickel, and a carbide comprise the central region of the fracture surface.
Figure 57 shows that sulfur, carbon, oxygen, and aluminum compose the corrosion
scale. Similar results were obtained on the Type 446 stainless steel,
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The samples were retrieved and subjected to SEM investigation to
determine the mode of fracture. Figure 58 shows a series of photographs of
the Type 316 stainless steel. The photograph with the lowest magnification
shows that the fracture mode is intergranular, and the successive photographs
show one grain from which the Auger spectra were recorded. An oxide scale is
observed. A higher magnification photograph of the corrosion scale and the
interface between the corrosion scale and base metal is shown in Fig. 59. The
morphology of these two regions is different.

SEM photographs of fractured Type 446 stainless steel are shown
in Fig. 60. The fracture mode was transgranular brittle-cleavage fracture.
Cleavage steps are readily seen on the higher magnification micrographs.

Another SEM micrograph showing the corrosion scale and the interface
between the scale and base metal is shown in Fig. 61. The transgranular nature

of the fracture surface is again readily visible.

3. Ballooned Pipe from the Synthane Pilot Plant

A 10.16-cm (4-in.) ID Schedule 40 carbon-molybdenum steel pipe
was ballooned on the elbow side of a 5.08-cm (2-in.) letdown valve PCV-338,
The piping carries steam at 404°C (760°F) and 4.8 MPa (700 psi). A partial
schematic of the piping showing the elbow, bulged pipe, and letdown valve is
shown in Fig. 62. Steam on the up side of the letdown valve is at 421°C
(790°F) and 7.9 MPa. The cause for the bulging has not been determined. The
following preliminary data has been accumulated:

(a) The maximum stresses in the pipe, assuming the stress can be
calculated using o = Pr/t, range from 44-72 MPa (6400-10,500
psi), but the handbook values of yield stress are 207 MPa
(30 ksi) with a tensile strength of 448 MPa (65 ksi) at 427°C
.(800°F)., The calculated stresses are much lower than the hand-
book wvalues.

(b) The pipe OD diameter increased from 11.28 (4.44-in.) to 11.68 cm
(4 . 60_ino) .

(¢) A chemical analysis of the pipe showed the following concen-
trations (wt%): total carbon 0.11-0,10, chromium 1.26,
molybdenum 0.43, sulfur 0.012, nickel 0.08, and manganese 0.47.

Hardness testing, tensile testing, and optical and SEM analyses will
be performed in the coming quarter.
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TABLE I. Initial Composition of Slag in
Corrosion Test Run 4

Weight 7

Components Initial Corrected at 160 h
8102 (s) 34 38
A1203 (A) 14.5 17
Fe203 (F) 22 11
Ca0 (C) 21 24
MgO M 5.1 6.0
Na20 (M) 1.3 1.5
K,0 (X) 1.3 1.5
TiO2 (T) 0.8 1.0
B/A Ratio® 1.03 0.79

B/A= (F+C+M+N+K)/(S+A+ T).
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TABLE II. Coating Materials and Substrates Used in the
3.6 Ms Exposure to High-velocity Char at 980°C

Coating Materials Substrates

A1203 Type 304 SS
Incoloy 800

Type 310 SS

MgO—ZrO2 Type 304 SS
Incoloy 800

Type 310 SS

ZrO2 Type 310 SS

Cr203 Type 310 SS
A1203—Cr203 Type 310 SS
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TABLE III. Parameters Used in Heat-transfer Calculations

Thermal Conductivity,

V1A

Cavity Size,a mm W/m-°K Convective Refractory Steel Shell
K K Coefficient, Size, Size,
Case Depth Half Width 1 2 W/-°K mm mm
1 6.570 25~125 0.663 46,69 1.441 76 x 152 6.5 x 152
(6.5,13) (50)
2 19.0~70 25-125 0.663 46.69 2.882 76 x 152 6.5 x 152
3 19.0~70 25~125 0.519 46.69 1.441 76 x 152 6.5 x 152
4 19.0~70 25-125 0.519 46.69 2.882 76 x 152 6.5 x 152

2Numbers in parentheses represent spatial increments.



TABLE IV. Heating Schedules Followed for
Samples Examined This Quarter
(All Samples of KAOTAB)

1. Heat from room temperature to 120°C in 8 h
2. Furnace cool to room temperature

3. Heat from room temperature to 500°C in 8 h
4, Furnace cool to room temperature

5. Heat to 1000°C in 24 h

6. Furnace cool to room temperature

TABLE V. Acoustic-emission Measurements on the Top Cyclone
Lockhopper Valve

Valve-body Noise Structure~borne
Location Level, V Signal and Noise, V
(a) 0.166 0.230
(b) 0.166 0.196
(c) 0.166 0.315
(d) 0.166 0.195
(e) 0.166 0.178

Nearby Structure
(a) 0.166 0.171
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TABLE VI. Acoustic-emission Measurements on the Top
Ash Lockhopper Valve
Valve~-body Noise Structure-bormne
Location Level, V Signal and Noise, V
(a) 0.166 0.180-0.400
(b) 0.162 0.180-0.400
(c) 0.162 0.653
Nearby Structure
(d) 0.163 0.180-0.500
(e) 0.163 0.220
TABLE VII., Acoustic-emission Measurements on the
Bottom Coal-feed Lockhopper Valve
Valve-body Noise Structure-borne
Location Level, V Signal and Noise, V
175-kHz Transducer
(a) 0.170 0.375-0.875
(b) 0.170 0.225-0.430
(c) 0.170 0.220-0.460
375-kHz Transducer
(a) 0.153 0.186-0.480
(b) 0.152 0.153-0.186
(c) 0.152 0.153-0.350
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TABLE VIII. Acoustic—-emission Measurements on the North
Lower Petrocarb Feed Valve

Valve-body Noise Structure-borne
Location Level, V Signal and Noise, V

175-kHz Transducer

(a) 0.171-0.240 0.200
(b) 0.171-0.270 0.365
(c) 0.170-0.260 0.360
(d) 0.171-0.250 0.250
(e) 0.171-0.240 0.48

375-kHz Transducer

(a) 0.154 0.154
(b) 0.154 0.174
(c) 0.154 0.155
(d) 0.154 0.161
(e) 0.154 0.174
750~kHz Transducer
(a) 0.128 0.128
(b) 0.128 0.129
(c) 0.138 0.128
(d) 0.128 0.128
(e) 0.128 0.128
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TABLE IX. Acoustic-emission Measurements on the South
Lower Petrocarb Feed Valve and Nearby Struc-
tural Components

Valve-body Noise Structure-borne
Location Level, V Signal and Noise, V

175-kHz Transducer

(a) 0.4-1.0 1.2
(b) 0.4-1.0 2.8
(c) 0.4-1.0 4.3
(d) 0.4-1.0 1.3
(e) 0.4-1.0 1.3
375-kHz Transducer
(a) 0.2-0.5 0.6
(b) 0.2-0.5 2.0
(c) 0.2-0.5 3.0
(d) 0.2-0.5 0.3
(e) 0.2-0.5 0.3
750-kHz Transducer
(a) 0.128 0.128
(b) 0.128 0.133
(c) 0.128 0.580
(d) 0.128 0.135
(e) 0.128 0.130
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TABLE X. Gas Environment Used for Preliminary
Corrosion Experiments at 875°C

Gas Species Vol %
Cco 11.7
co, 15.4
H, 12.9
H,0 48.9
HZS 1.0
CH, 10.0

Py = 3 x 10-17 atm
2
P. = 1.0 x 10 ' atm
S
2
a = 0.008
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TABLE XI. Chemical Composition (wt %) of Alloys in Corrosion Experiments

Alloy Fe Cr Ni C S Mn Si Other
Incoloy 800a 46.0 21 32.5 0.05 0.008 0.75 0.35 0.38 A1, 0.38 Ti
Inconel 671° - 48 50 0.05 - - - 0.35 Ti
Type 310 ss? Bal® 25 20 0.25 - 1.5 0.4 -
U. S. Steel b

Alloya Bal 18.5 17.8 0.06 0.011 1.25 2,05
Type 304 SS Balb 19 10 0.06 - 1.5 0.4 -
RA 333 18 25 45 0.05 0.015 1.5 1.25 3.0 W, 3.0 Co,
3.0 Mo

Alloy 406 Balb 13.1 0.36 0.11 0.007 0.44 0.46 4,48 Al
Iron Balb - - 0.012 0.025 0.017 ~ -

3Will be preexposed to gas mixtures and

bBal indicates balance.

subsequently tested in uniaxial tension.
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TABLE XII. Gas Compositions (vol %) Used in the Evaluation of Material Behavior at 750 and 875°C

750°C (No Steam) 875°C (No Steam)
Gas 875°C
Species 1 2 3 4 1 2 3 4 with steam
Co 28.4 15.5 5.1 1.0 16.4 8.6 5.9 1.53 18.4
co, 56.8 30.9 10.3 2.0 32.8 17.2 11.8 3.1 8.1
H, 5.2 47.6 81.5 95.1 44,5 70.1 79.0 93.3 61.0
CH, 9.5 5.2 1.7 0.33 5.5 2.9 2.0 0.51 2.9
H,S 0.09 0.81 1.40 1.64 0.77 1.21 1.36 1.60 1.5
H,0 - - - - - - - - 8.6
po_(atm) 1.0x10°20 2.4x1072  4.1x107%2 4.2x1072% 1.9x10718 5.5x10 0 2.4x1071% 1.7x107%° 5.4x107Y
2

pg (atm) 2 8x10~8  2.7%10"%  3.1x10°%  2.9x10"% 2.8x1077 2.9x1077 2.9x1077 2.7x107/  2.6x107’
2
a 0.25 0.348 0.348 0.20 0.056 0.070 0.076 0.082 0.070
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Fig. 2. Thermocouple Positions in a Full Length (228.6 mm) Brick.
Neg. No. MSD-64010.
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of data points indicates thermocouple failed.) (a) Nitride-bonded silicon

carbide, (b) silicate-bonded silicon carbide, (c) oxynitride-bonded silicon
carbide, and (d) silicon oxynitride. ANL Neg. No. 306-77-277.
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Fig. 4. (a) Azimuthal Distribu-
tion of Measurements Location
along the Inlet Centerline
of the HYGAS Cyclone and
(b) Assumed Erosion Pattern
Based on Elbow Studies. ANL
Neg. No. 306-77-177.
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Fig. 5. Azimuthal Distribution of Wear along the Inlet Centerline of

the HYGAS Cyclone.

ANL Neg. No. 306-77-178.
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Fig, 6. Average Wear Rate along the Inlet Centerline
of the HYGAS Cyclone as a Function of the Number
of Hours of Operation. ANL Neg. No. 306-77-172.
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Fig. 7. Erosive Wear of Refractory-lined Transfer Line After 200-h Ex-
posure. ANL Neg. No. 306-77-168.
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spectively. ANL Neg. No. 306-77-173.
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Fig. 11. Schematic of Sample and Embedded Acoustic Waveguide. ANL Neg.
No. 306-77-169.
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Fig. 12. Total Acoustic-emission Counts as a Function of Temperature for
Three Heating Cycles on the Same Sample. ANL Neg. No. 306-77-181.
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Fig. 15. Transverse Metallographic Sample.

No.

306-77-187.

ANL Neg.

Fig. 16.

Axial Metallographic Sample.
Neg. No. 306-77-186.
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Fig. 17. Valves at MERC Low-Btu Gasifier.
(a) Top cyclone lockhopper valve,
(b) top ash lockhopper valve, and
(c) north bottom coal-feed lockhopper
valve. ANL Neg. No. 306-77-269.
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Fig. 18. Measurement of Reference Temperatures Using a
Contact Pyrometer. ANL Neg. No. 306-77-185,
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(a)
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(e)
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AGA THERMOVISION®

AGA THERMOVISION®

AGA THERMOVISION®

(d)

Fig. 19. Thermal Profile Sequence of the Top Ash Lockhopper
Valve (Thermovision Range = 50). (a) Thermal picture,
(b) T = 53°C isothermal area, (c) T = 55°C isothermal area,
(d) T = 57°C isothermal area, (e) T = 59°C isothermal area,

(f) T = 62°C isothermal area, and (g) T = 64°C Isothermal
area. ANL Neg. No. 306-77-270,
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(a) (b)

AGA THERMOVISION® AGA THERMOVISION®

(c) (d)

AGA THERMOVISION®

(e)
Fig. 20. Thermal Profile Sequence of the Top Ash Lockhopper Valve (Thermo-

vision Range = 20). (a) Thermal picture, (b) T = 54°C isothermal area,

(c) T = 55°C isothermal area, (d) T = 56°C isothermal area, and (e) T = 57°C
isothermal area. ANL Neg. No. 306-77-272.
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AGA THERMOVISION®

AGA THERMOVISION®

(b)

Fig. 21. Thermal Profile Sequence of the North
Bottom Coal-feed Lockhopper Valve. (a) Thermal
picture and (b) T = 37°C "hot spot.'" ANL Neg.
No. 306-77-268.
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(e)

Fig. 22. Thermal Profile Sequence of Top Cyclone Lockhopper Valve. (a) Ther-
mal picture (thermovision range = 50), (b) T = 60°C isothermal area,
(c) thermal picture (thermovision range = 5), (d) T ~ 58.5°C isothermal
area, and (e) T = 59°C isothermal area. ANL Neg. No. 306-77-267.
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(c)

Fig. 23. Acoustic-emission Measurement Locations on the MERC Top Cyclone
Lockhopper Valve. ANL Neg. No. 306-77-265.
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(b)

Fig. 24, Acoustic-emission Measurement Locations on Struc-
ture Near Cyclone Lockhopper Valve. ANL Neg. No. 306-77-
275.
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(c)d

Fig. 25. Acoustic-emission Measurement Locations on the MERC Top Ash Lock-
hopper Valve. ANL Neg. No. 306-77-274,.
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(c)

Fig. 26. Acoustic-emission Measurement
Locations for the MERC North Bottom
Coal-feed Lockhopper Valve. ANL
Neg. No. 306-77-271.

52



- i - , ’ (d)

b " O (e)

Fig. 27. Acoustic-emission Measurement Locations for the Synthane North Lower
Petrocarb Feed Valves. ANL Neg. No. 306-77-266.
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(b) (d)

(o)

Fig. 28. Acoustic-emission Measurement Locations for the Synthane South Lower
Petrocarb Feed Valves and Nearby Structure. ANL Neg. No. 306-77-273,
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Fig. 29. Macroscopic Photographs of Specimens That Have Been
Exposed to Multicomponent Gas Environment at 875°C for 25 h
(Top) and 200 h (Bottom).
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Fig. 30. ZX-ray Specimen Image and the Fe and S Distributions for an
Iron Specimen Exposed to a Complex Gas Mixture at 875°C for 25 h.

L ~

310 SS

Fig. 31. X-ray Specimen Image and Cr, S, Fe, and Si Distributions
in Type 310 Stainless Steel Exposed to the Gas Mixture Listed in
Table X for 25 h at 875°C. In the distribution photographs, the
light region indicates a high concentration of the respective
elements.
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Fig. 32. X-ray Specimen Image and Cr, S, Fe, Ni, and Si Distributions
in Incoloy 800 Exposed to the Gas Mixture Listed in Table X for
25 h at 875°C. 1In the distribution photographs, the light region
indicates a high concentration of the respective elements.
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Fig. 33. ZX-ray Specimen Image and Cr, S, Fe, Ni, and Si Distributions
in U. S. Steel Alloy 18-18-2 Exposed to the Gas Mixture Listed in
Table X for 25 h at 875°C. 1In the distribution photographs, the
light region indicates a high concentration of the respective
elements.
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2

Inconel 671 Specimen |mage

Fig. 34. X-ray Specimen Image and Cr, Ni, and S Distributions in
Inconel 671 Exposed to the Gas Mixture Listed in Table X for
25 h at 875°C. 1In the distribution photographs, the light
region indicates a high concentration of the respective elements.
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Fig. 35. X-ray Specimen Image and Cr, Fe, Ni, and Si Distributions
in Type 310 Stainless Steel Exposed to the Gas Mixture Listed in
Table X for 200 h at 875°C. Sulfur was absent in this specimen.
In the distribution photographs, the light region indicates a
high concentration of the respective elements.
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Fig. 36. X-ray Specimen Image and Cr, S, Fe, Ni, Si, and Al Distributions in Incoloy 800 Exposed to the
Gas Mixture Listed in Table X for 200 h at 875°C. 1In the distribution photographs, the light region
indicates a high concentration of the respective elements.



Fig. 37. X-ray Specimen Image and Cr, Si, and S Distributions in
the Alloy Regions of U. S. Steel Alloy 18-18-2 Exposed to the
Gas Mixture Listed in Table X for 200 h at 875°C. 1In the distri-
bution photographs, the light region indicates a high concentra-

tion of the respective elements.
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Fig. 38. SEM Photograph of Inconel 671 Specimen
Exposed to the Gas Mixture Listed in Table X
for 200 h at 875°C. The scale is predomi-
nantly Cr-rich oxide, and no S was detected.

Fig. 39. SEM Photograph of Scale/Alloy Inter-
face Regions of U. S. Steel Alloy 18-18-2
Exposed to the Gas Mixture Listed in Table X
for 200 h at 875°C. The striated region of
the scale consisted of Cr sulfide and Fe
sulfide.
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- E
|

750C 25h

Fig. 40. Macroscopic Photographs of Different Alloy
Specimens after 25-h Exposure at 750°C to the Gas
Mixtures Listed in Table XII. The oxygen partial
pressures for these specimens from left to right
are 1.0 x 1020 2.4 x 10-21, 4.1 x 1022, and
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lron
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815C 25h

Fig. 41. Macroscopic Photographs of Different Alloy
Specimens after 25-h Exposure at 875°C to the Gas
Mixtures Listed in Table XII. The oxygen partial
pressures for these specimens from left to right
are 1.9 x 10-18 5,5 x 10719, 2,4 x 1019, and
1.7 x 1020 atm,
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Fig. 42. SEM Photographs of Type 310 Stainless Steel Specimens
after 25-h Exposure at 750°C to the Gas Mixtures Listed in

a), (b), and (¢)

oxygen partial pressures in
atm, respec-

Table XII. Th
50 2.4 x 10‘21, and 4.1 x 10~

were 1.0 x 1077,
tively.
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Fig. 43. SEM Photograph of Type 310 Stainless Steel Specimen after
25-h Exposure at 750°C to the Gas Mixture Listed in Table XII. -23
The oxygen partial pressure during this experiment was 4.2 x 10
atm. Different square-marked regions were magnified to show the
details of the scale and scale/alloy interface.
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Fig. 44, SEM Photographs of Type 310 Stainless Steel Specimens
after 25-h Exposure at 875°C to the Gas Mixtures Listed in
Table XITI. The oxygen partial pressures in these experiments
are as follows: top left, 1.9 x 10-18 atm; top right,

5.5 x 10719 atm; bottom left, 2.4 x 10-19 atm; and bottom
right, 1.7 x 10-20 atm.
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Fig. 45. X-ray Specimen Image and Fe, Cr, S, and Si Distributions
in Type 310 Stainless Steel after 25-h Exposure at 875°C to the
Gas Mixture without Steam Listed in Table XII (Identified by an
Arrow). In the distribution photographs, the light region in-
dicates a high concentration of the respective elements.
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Fig. 46. X-ray Specimen Image and Fe, Cr, S, Ni, and Si Distri-
butions in Type 310 Stainless Steel after 25-h Exposure at 875°C
to the Gas Mixture with Steam Listed in Table XII. In the

distribution photographs, the light region indicates a high
concentration of the respective elements.
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(a)

(b)

0

Fig. 47. Particle Trajectories in a

90° Elbow. Flow conditions:

= 6 m/s, kinematic viscosity =

6 x 10-7 i/s, and fluid density =
54 kg/m3. The particle density =
3.1 x 103 kg/m3 and the particle
diameters are (a) 10 u, (b) 100 yu,
and (c) 1000 u. ANL Neg. No. 306-
77-190. '
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Fig. 48. ERDA-MERC Stirred-bed Gasifier. ANL Neg. No. 306-
77-175,
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Fig. 49. Schematic of the Rabble Arm. ANL Neg. No. 306-77-183.
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0.025mm

ANL Neg. No. 306-77-197.

Photographs of a Crack that had been Electroetched.

31,

Fig.



MOUNT

(a.)

OD ' Sr¥

MOUNT

(b )

Fig. 52. Optical Photograph (a) and Electron-microprobe Data (b) of an
"Alonized" Type 316 Stainless Steel Coupon That Had Been Exposed to the

HYGAS Gasifier Environment and Removed after Run 61. ANL Neg. No.
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(a )

Fig. 53. Optical Photograph (a) and Electron-microprobe Data (b) of an
"Alonized" Type 316 Stainless Steel Coupon That Had Been Exposed to the
HYGAS Gasifier Environment and Removed after Run 67.
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Fig. 55. Geometry of Machined Coupons Used for the Auger Experiment. ANL
Neg. No. 306-77-174.
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Fig. 56. Auger Spectra of the As-fractured Type 316 Stainless Steel.
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Fig. 57. Auger Spectra of the Corrosion Scale at the Type 316 Stainless Steel
Surface. ANL Neg. No. 306-77-176.
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Fig. 58.
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SEM Micrographs of the Fracture

Fmbrittled Grain Boundaries. ANL Neg.

Surface of Type 316 Stainless Steel Showing
No. 306-77-198.



Fig. 59. SEM Micrograph of the Corrosion Scale and
the Fracture Surface of Type 316 Stainless Steel.
ANL Neg. No. 306-77-188.
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Fig. 60.

SEM Micrographs of the Fractured Surface of Type 446 Stainless Steel.

ANL Neg. No. 306-77-200.



Fig. 61. SEM Micrograph of the Fractured
Surface of Type 446 Stainless Steel.
ANL Neg. No. 306-77-184.
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Fig. 62. Schematic Showing the Elbow, Bulged Pipe, and Letdown
Valve. ANL Neg. No. 306-77-180.
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